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SUMMARY

This report documents research performed for NASA-MSFC uncer Contract
NAS 8-11455 between 1 July 1964 and 30 April 1966. Research was performed
to evaluate the spectral emissivity of clouds of very small carbon particles
present in the exhaust plumes of rocket engines using oxygen and RP-1
propellants, for the purpose of developing methods of analyzing and pre-
dicting radiative base heating on the Saturn V and other large launch
vehicles. Scientific and technical personnel who spent appreciable time
on this study were C. C. Ferriso (principal investigator and project leader
up to the time of his death on 31 January 1966), C. B. Ludwig (principal
investigator and project leader from 1 February 1966), F. P. Boynton,

A. Thomson, L. Acton, D. Brewe;, C. N. Abeyta, and D. Suttie. The contract
monitor was R. M. Huffaker, Aerodynamics Branch, NASA-MSFC.

The purpose of the present study was to measure the wavelength and
temperature dependence of the absorption coefficient of the cloud of solid
carbon or soot particles produced by the combustion of RP-1 with GO2 in
small research rocket motors. At the equivalence ratios at which full
scale engines operate, and at the equivalence ratios used in this study,
the carbon is a nonequilibrium product of the sooty flame in the combustion
chamber. The amount produced depends on the combustion conditions, and
cannot be quantitatively predicted. The engines used in this study were
designed for high combustion efficiencies. The amount of carbon produced
by them was much less, at similar O/F ratios, than that of typical opera-
tional engines. This is presumably due to their greater mixing efficiency,

greater chamber length, or the use of 602 rather than L02. The amount
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of carbon produced was found to decrease rapidly with increasing o/F
ratio (to mass fractions < 0.05% at O/F ratios 2 2.2) and to increase
significantly with chamber pressure. (In a separate experiment performed
by Rocketdyne with a standard Atlas vernier engine the amount of carbon
produced was found to be relatively insensitive to O/F ratios between 1.7
and 2.7.)

Another effect important to the base heat transfer is associated
with the thermochemistry of carbon formation. When a significant amount
of carbon is produced the temperature of the gases at the exit plane
increases and can exceed the chemical equilibrium value. Since carbon
tends to dominate the radiant heat transfer from RP-l/O2 propellant
systems, these observations indicate a strong correlation between combus-
tion chamber design and the level of radiant heat transfer due to solid
carbon. The general tendency to use as short a chamber and as high a
chamber pressure as possible to get high performance seems to favor carbon
formation and thus to raise the level of the base radiant heat transfer.
This conclusion may not be of much practical importance, since the level
of the base radiant heat transfer has not usually peen considered a sig-
nificant factor in the design of operational motors.

In establishing an approach to the present problem, we have assumed
(for the reasons - Just described) that it will be necessary, in order to
evaluate radiant heat transfer, to measure the amount of carbon formed in
the full scale engines as a function of position in the flow field. Since

the particles produced appear to be of small size, it appears adequate to
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measure only the mass density of the carbon particle cloud at one point
on each streamline sufficiently removed from the combustion chamber that
subsequent chemical reactions may be neglected. The particles may then
be assumed to follow the gas streamline through the remainder of the flow.
This latter assumption may fail in portions of the flow field where the
gas density is low and the streamline curvatures are large. In this case
it would be necessary to know also the distribution of particle sizes.
However, the sizes that we have observed are sufficiently small that this
effect is not expected to be significant in the region downstream of the
exit plane. Also, because of the small particle sizes, the optical scat-
tering coefficients are expected to be negligibly small at the wavelengths
for which heat transfer is important (> 1 u).

The most convenient point to measure the carbon concentration is at
the nozzle exit plane. Two methods for measuring the carbon concentration
have been considefed: 1) direct measurement of the carbon flux with a
probe inserted into the flow and 2)_deduction of the radial carbon concen-
tration profile from measurements of the radiance and/or transmission across
the nozzle exit as a function of displacement of phe line of sight from
the nozzle centerline. The second method has the distinct advantage that
absolute values for the absorption coefficient are not required for the
subsequent determination of the radiant heat transfer to the base - only
the relative spectral and temperatdre dependencies. Thus any experimental
errors in the determination of the absolute carbon mass flux, either in
the small or full scale engines, cancel out. If both transmission and

radiance measurements are made, one obtains in addition the actual tempera-
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ture profile at the exit plane and can thus account for any chemical non-
equilibrium effects realistically. However, the rather high absorptivities
of the gas at short wavelengths, the interfering effects of molecular
absorption, and the sharp gradients expected near the nozzle edge (due
to the boundary layer and the exhausterator) limit the accuracy of this
method. In practice a combination of both methods is probably necessary.
In the present study we have attempted to measure the relative depen-
dence of the spectral absorption coefficient on wavelength and temperature
in the region between 1 and 4 p. No attempt to measure directly the carbon
mass fraction was made. Theoretical calculations of the absorption coef-
ficient were used to relate the measured emissivities to absolute absorp-
tion coefficients. The spectral emissivity at the exit plane of various
small RP-l/O2 rocket motors designed to yield uniform exit flow (Foelsch
nozzles) was measured as a function of wavelength at various O/F ratios.
The temperature dependence was obtained by expanding the combustion
products generated at fixed O/F ratio and chamber pressure in identical
combustion chambers to different aréa ratios, thereby producing a given
amount of carbon at different temperatures. The exit plane temperature
was measured by an emission-transmission techniqué (usually in the 4.3-p
band of C02); the spectral emissivity of the combustion products was
determined from the measured temperature and spectral radiance. Subtrac-
tion of the molecular contribution then yielded the product of carbon
absorption coefficient and carbon mass density at wavelengths between 1
and L4 y and temperatures between 1000° and 2600°K. For temperatures
below 1700°K, the spectral dependence of kk is in reasonably good agree-

ment with a theoretical calculation based on the dc conductivity of bulk
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carbon and appropriate to very small particles. Setting k, proportional

A
to X_l and independent of temperature is also consistent with the present
data below 1700°K. However, for temperatures well above 1700°K, the wave-
length dependence of kl vwas markedly different from the theoretical esti-
mates and becomes almost independent of wavelength. The temperature depen-
dence at the higher temperatures was also significantly different from

the theoretical estimates.

The difference between the measured and calculated absorption coef-
ficients at high temperatures is not unexpected, since the properties of
these carbon particles could be quite different from those of the bulk
material. However, we have used the theoretical calculations to normalize
the present observation because of the agreement of the spectral depend-
ence of absorption coefficients (as well as one measurement of this absolute
magnitude) of soots extracted from flames with the calculations. At tempera-

tures above 1700°K absolute (normalized) values of k, were determined by

A
demanding agreement between experiment and calculation at 2.2 . Thus,
although absolute values are tabulated in Table II, it is only the relative
variation with wavelength and temperature which were measured; the tabu-
lated values actually contain a normalizing factor which has not been
measured.

The determination of the temperature dependence was not as accurate
as had been originally hoped. The high sensitivity of the amount of carbon
formed to slight variations in the operating mixture ratio made it quite
difficult to ensure that measurements made with the different area ratio

engines were obtained at precisely the same carbon mass fraction. The

uncertainties of the present data imply that, for scaling a measurement



made at a typical exit temperature of 1600°K down to 1000°K or up to
2600°K, the uncertainty in the absorption coefficient at these limits

may be as large as % 50%. The uncertainty in the wavelength dependence
based on the present measurements alone results principally from errors
in measuring the tempé?ature. Since the measurements were made principally
in emission, the deduced emissivity at wavelength A is as uncertain as is
the ratio of the Planck function at A to that at the wavelength where the
temperature determination was made (usually near 4 yu). At temperatures
about 2300°K the uncertainty in scaling a measurement made at 4.0 p to

1 p is about + 25%. At lower temperatures the errors can be larger:
e.g., at about 1200°K the uncertainty in scaling from 4 p to 2 p is about

25% and to 1 p about + 50%.
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INTRODUCTION

A recurring and serious problem in launch vehicle development is
the severe convective and radiative heating of the base region by the
vehicle's exhaust gases. Heat is transferred from the exhaust to the
base by radiation and convection, and under some circumstances the radi-
ative contribution is comparable to the convective.l It is difficult to
predict base heating for vehicle systems different from those on which
large amounts of flight data exist. Model tests, for example, involve
very complicated scaling problemse’3 when one attempts to extrapolate
their results to the full-scale situation. From radiative heat fluxes
measured as a function of altitude at a point on the base of the Saturn
SA-L flight vehicle and on wind tunnel models,* one could conclude that
the model and full-scale radiative fluxes are the same. It is doubtful
that one would have predicted this result, or that it can be taken as a
general rule.

Development of reliable procedures of predicting base heating requires
a knowledge of the flow field, of the exhaust chemistry, and of the emissive
properties of the radiating species. When the vehicle burns a hydrocarbon
fuel with oxygen, the radiation to the base is primarily due to emission
from C02, H20, and solid carbon or soot. Molecular emission at the
temperatures of interest (1000°-3000°K) is restricted to the various vibra-
tion-rotation bands and has a complex frequency dependence. The solid
carbon, on the other hand, gives rise to a continuous and smoothly varying

spectrum. Water and carbon dioxide are equilibrium products of combustion;

*
This information was kindly furnished to us by Mr. Homer Wilson of NASA-MSPC.



solid carbon is not. Thermodynamic calculations predict no solid carbon
for the normal operating mixture ratios (O/F = 2.3 to 2.6). Scme fuels,
such as alcohol and certain hydrazine derivatives, appéar to produce little
or no carbon when burned in rocket engines.

An estimate of the relative importance of the different radiating
species may be obtained from an examination of available total hemispheri-
cal emissivity data for conditions characteristic of an exhaust plume. In
Figs. 1 and 2 we have plotted the total emissivities for each species versus
pathlength. The molecular data were taken from Hottel's charts.h The carbon
data were taken from a calculation which will be described subsequently.
The carbon mass fraction was deduced from measurements of the spectral
radiance of an Atlas booster engine.5 These figures show that, for the
thick optical paths of interest for Saturn-class vehicles, carbon may con-
tribute more than fifty percent of the total emission. The work reported
here concerns the experimental determination of the absorption coefficients
for carbon produced by an RP-l/oxygen rocket engine, and the comparison
of these data with theoretical prediétions.

The properties of carbon or soot in flames have been studied extensively.
Several reviews concerning the formation, combustibn, and radiative properties

6,7

of soot in laboratory flames are available. As yet, the formation mech-

anism is poorly understood. Gasification of socot by endothermic reactions

with H20 or CO, is apparently slow at the temperatures in most flames. Com-

2
bustion with oxygen is known to be rapid when the particle temperature exceeds

9

8
an ignition value of the order of 8oo°c. Flame soot particle sizes” gen-

erally range from 50 ] to 500 X.

Hottel)+ has collected and correlated much of the older data on the
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optical properties of soot in flames. Since the actual carbon mass frac-
tion is difficult to measure, much of the information is in the form of
relative spectral data. 8Siddall and McGrathlo give relative measurements
of the absorption coefficients of scots from various flames. Fosterll has
reported some absolute measurements of soot absorption coefficients. Theo-
retical values for the absorption and scattering coefficients of clouds of
dispersed carbon particles have been computed12 from the properties of
carbon in bulk form. Much of the available experimental data is obtained
for soot that has been extracted from the flame, and therefore represents
the absorption properties at room temperature. Some measurements in situ
indicate that, in the visible and near infrared, the spectral distribution
is similar to that of the extracted soot.

A number of measurements of rocket exhaust emission are available
(some only in classified reports); from these, one can determine some
apparent properties of the carbon produced by rockets. Simmonsl3 has
measured the radiance and emissivity over limited spectral regions in the
visible and infrared at the exit of a modified Atlas vernier engine burning
RP-1 and LO2 at various O/F ratios. The continuum absorption coefficient,
which we deduced from his data, has a distinctly different wavelength
dependence in the visible region than the flame data. DeBell and Speiser5
measured the spectral radiance at the exit plane of an Atlas booster engine.
Using calculated exit plane temperature and density profiles we evaluated
the expected radiance spectrum both for the flame-type absorption coef-
ficlents and for values inferred from the vernier engine data. The value
of the carbon concentration was adjusted to give good agreement at 2.2 p,

a molecular spectral "window"; we found that both calculations predicted



exit plane spectral radiancies which were consistent within the scatter

of the data at all wavelengths longer than 1.0 p. In the near infrared
and visible, however, only the vernier engine values gave reasonable corre-
lation.

The present spectral radiance measurements agree qualitatively with
Simmons' measurements at wavelengths greater than 1 u. For reasons to be
discussed subsequently, a comparison at short wavelengths is not possible.
There is a striking difference between the dependence of carbon emissivity
on O/F ratio in the two measurements: over the same O/F ratio for which
Simmons ' measurements showed less than a 50% change in emissivity, ours
show more than an order of magnitude change. This difference indicates
the importance of the combustion conditions on the level of the carbon

emissivity in a rocket exhaust.



THEORETICAL CALCULATIONS

Stull and Plass12 have calculated the absorption and scattering coef-
ficients for dispersed carbon particles at 2250°K from the Mie theory using
the electrical properties of carbon in bulk form. In the present experi-
ment, the particle size is very small compared to the wavelength in the
spectral range of interest (A > 1.0 w). Thus the extinction due to scat-
tering may be neglected compared to that due to absorption, and the absorp-
tion coefficient per unit mass of the particle cloud becomes independent of
the particle size. In this limit and at wavelengths greater than 1 p, the
calculations of Stull and Plass may be easily extended to cover the tempera-
ture range of interest.

Following Siddall and McGrath,lo we may express the linear absorption

coefficient in the form
k = 36mpF(A)/p ) (1)

where p is the carbon particle mass density (gms/cm3 of cloud), po is the
density in bulk form and A the wavelength. The function F(\) is related

to the complex index of refraction Nl(l-iNg) by the expression

N§N2
F(\) = . (2)
2
(N§+N§N§) + u(N‘i-NiNéu)
Stull and Plass give general expressions for N1 and Né. They are
n (w2 4»2
2 J OJ n,
M- MG =1+ S Z 5 52 25 3 2 (3)
o WS )" +w%] w +g
J ©y J



and

2 0% n g
e J c-c
2K, = 2 5 w2 22tV 5 5. 0> (&)
(wo-w) + e, w(gcw)
J

where n, = number of conduction electrons/cm3, gc = damping constant for

conduction electrons, nJ = number of bound electrons in the jth state per

cm3, W, = natural (circular) frequency of the jth state, gj = damping

J

constant for the jth state and w = circular frequency of the radiation.

Stull and Plass give values for the various constants at 2250°K evaluated
!

from the measurements of Senftleben and Benedikt.lh

| At wavelengths greater than about 1 u, these expressions may be approx-

imated by
Ni - N?_Ng ~14.36 - 1.31 812— (5)
N;ELNg - o.x58' N 1.6875x 6)
vhere B = 04, (2250°K)/0, (T),

Y = n, (2250°K)/nc (T),
= e2n /m
T3¢ = o/ MeHee s

and \ is the wavelength in‘microns. These expressions have been used to
evaluate the carbon cloud absorption coefficients. Measured values of the
variation of the dc conductivity of bulk carbon with temperature were used

. : to evaluate the ratio B. The results are relatively insensitive to the



temperature dependence of the factor vy at temperatures between 500° and
2500°K and at wavelengths greater than 1 wu. In the actual calculation,
Y was set equal to unity. The results are shown in Fig. 3, where the
parameter kk/p is plotted as a function of A for various temperatures.
A comparison with the measurements collected by Hottel is shown in Fig. L.
Since the calculated absorption coefficients are based on the prop-
erties of carbon in bulk form, it is not obvious a priori that these
should necessarily represent those of carbon formed by flames, especially
since the infrared absorptive properties are principally dependent on the
properties of the conduction electrons. The comparisons of the calculated
absorptive properties with the flame data indicate that, within the experi-
mental uncertainties, the variation with wavelength is reasonably well repro-
duced. Nevertheless, this agreement should not be construed as an indication
that the absolute value of the absorption coefficients will show similar agree-

ment.
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EXPERIMENTAL MEASUREMENTS OF CARBON PARTICLE EMISSION

Because the carbon emission spectrum varies slowly with wavelength,
Beer's law applies to transmission or emission measurements made at moder-
ately low spectral resolution. Thus, measurements on thin samples of carbon-
bearing gas may be reliably extrapolated to any desired thickness. In com-
parison with molecular emission, the experimental problem is greatly simpli-
fied: only the temperature, and not pathlength or pressure, need be varied
to obtain the emissive properties of a given sample under all conditions
where scattering is unimportant.

The present experiment is quite similar to that in which Ferriso and

15

Ludwig - measured emissivities of hot CO2 and H.O. A small rocket motor

2

is used to generate the observed gas sample, and measurements are made as
close as possible to the exit plane. This apparatus has been described in
detail elsewhere. In the present work the motors burned RP-1 and G02. The
operating conditions (chamber pressure and propellant mass flow vs mixture ratio)
are shown in Figs. 5 and 6. Measurements of spectral emissivity were obtained
in the wavelength range from 5 to 0.7 p, and at temperatures between 1000° and
2600°K. Three motors were used in this study, with identical injectors,
combustion chambers, and nozzle contours upstream.from the throat section.

The diverging sections were different; combustion products were expanded in
contoured nozzles designed by Foelsch's method16 to area ratios of 5.25, 3.0,
and 1.5. The first nozzle produces a fully expanded Jjet at 1.0 atm exit
pressure when operated at chamber pressures between 370 and 520 psia,
depending on O/F ratio. The other engines are underexpanded when operated

at the same chamber conditions, producing higher exit plane temperatures.

The O/F ratio in this study was varied between 1.2 and 2.0.
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When any one of these motors is operated at different times with the
same nominal chamber conditions, the continuum emission level is reasonably
reproducible. There is some scatter, which we attribute to the difficulty
of producing exactly the same flow rates. This behavior implies that the
carbon particle mass fraction is reproducible in this motor. Since all of
the motors are identical upstream of the throat, the amount of carbon produced
at the throat section of one motor should be the same as that produced at the
throat of another, when O/F ratio and Pc are held constant. Any difference
in carbon mass fractions or size between our motors is therefore caused by
effects downstream of the throat.

In the diverging section of the nozzle, we expect that particles may
grow by agglomeration or shrink through gasification. The only rapid gasi-
fication process is reaction with 02 or O. In Table I, the calculated equi-
librium chamber mole fractions of O and 02 are tabulated at several O/F ratios.
The rates of 2- and 3-body reactions are known to be fast enough to maintain
equilibrium upstream of the throat section of these nozzles, and therefore
we would expect these mole fractioné to exist in the chamber provided that
the propellants are fully mixed. In lean regions, the mole fractions of O
and 02 will be higher than those shown in Table I; in rich regions, where
the carbon particles are presumably formed, the amounts of O and O2 will be
less. Recombination in the upstream regions of the nozzle will reduce these
mole fractions by factors =2 10. A particle of 250 2 radius (containing
between 106 and 107 ato&s, depending on how densely packed the particle is),
passing through the diverging section of the nozzle, suffers at most about

3 X 1oh collisions with O and 02 molecules. Therefore, even if every

collision were effective, a negligible amount of the particle mass could
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disappear by reaction in the diverging section even if perfect mixing

were achieved.

Table I: Equilibrium chamber mole fractions

1.2 <1010 < 10710
1.k 1x10°7  1x10°0
1.6 2x107° 3 X 10'6
1.8 3 X lo'LL 1 X 10’1*

The effects of agglomeration are more difficult to determine accu-
rately. If the particles were to collide under the influence of Brownian
17

motion,”' and if every collision were to result in "sticking" of the two

particles, then when there are lOlo particles/cm3 of 250 A radius (corre-

3 3

sponding to a carbon mass fraction of 1%) about 10° of them per cm> will
coagulate during their passage through the diverging section. This coag-
ulation rate is small enough to be négligible. Other effects, such as
collisions caused by different velocity lags between particles with different
values of W/CDA, can also cause agglomeration. Thése effects can be
described by an analysis of the particles' history; rough calculations
indicate that here, too, the collision rate is small. In any case, if the
particles are sufficiently small with respect to A, then k)‘,c is insensitive
to the particle size (except for the effects on the conduction electrons).
The tendency of the carbon particle mass fraction to remain unchanged

in the diverging section allows one, by observing the different motors

successively, to measure the temperature dependence of the carbon particle

16



absorption coefficient, kx,c’ for a given mass fraction of solid (provided
that the O/F ratio can be accurately reproduced). Thus both the tempera-
ture and wavelength dependence of kx,c can be obtained without knowing the
density of the carbon cloud. We do not obtain the absolute value of kk,c;
however, it is the product of kc and Yo the particle mass fraction, which
determines the radiative heat transfer at the wavelengths of interest. For
a given engine this product can be measured at the exit plane, and a flow
field model, together with the temperature dependence of kx,c’ allows
extrapolation of it to other parts of the plume.

The temperature at the exit plane of each motor is measured by means
of a spectral absorption-emission technique.18 By such a measurement at
4.4 u, where the emission is produced by the CO2 and CO vibration-rotation
bands, one obtains the gas temperature. By a measurement in the molecular
"window" at 2.2 u, one obtains the carbon particle temperature. In all our
measurements, these temperatures were never different by more than the
estimated error in each. This result is expectedl9 if the particle diameter
is sufficiently small. The gaseous composition ig determined from a
thermochemical calculation using the experimental PE, Pe’ and O/F ratio.

In Fig. 7 we show the measured exit temperature of the 5.25:1 engine
as a function of O/F ratio. The solid curves are the calculated frozen

and shifting equilibrium exit temperatures where P =1 atm. Solid carbon

was not included in this calculation. At mixture ratios above 1.7, the

17
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measured temperatures fall between the two curves and are in fair agree-
ment with a finite-rate nozzle flow calculation. At richer mixture ratios,
there is a tendency for the measured temperatures to be greater than the
calculated equilibrium values. The behavior of the T vs O/F ratio curves
for the 3:1 and 1.5:1 engines is similar. A similar phenomenon was reported
by S:i.mmonsgo»’21 and by Hoglund, Carlson, and Byron.22 In our case, we do
not appear to have the delayed combustion or the carbon-rich hot boundary
layers postulated by these investigators. Here a possible explanation of
the high exhaust temperatures may be found in the influence of carbon
formation on the exhaust gas thermochemistry. The reactions

2 Co- CO, + C(s)

and

CO+ Hy - HO + C(s)

are exothermic by about 50 kcal. The energy released by producing carbon

(at rich conditions) in the combustion chamber, assuming that the gaseous
products attain equilibrium among themselves, is enough to explain the
observed temperatures. In Fig. 8 we show, as a function of O/F ratio, the
mass fraction of C(s) which is sufficient to explain the observed temperatures
in Fig. 7 for both equilibrium and for frozen flow. A similar behavior is
found for the temperature of the 351 and 1.5:1 engines. 1In Fig. 9, the
measured temperatures for the three engines are plotted as a function of

the mixture ratio.

From the measured spectral radiance and temperature, the spectral emis-

19



0.07 T T T T

0.06}- _
0.05 .
0.04 .

v U

0.0l

1.3 1.4 1.5 1.6 1.7 1.8
O/F RATIO
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sivity €y of the gas-particle mixture is determined. The contribution
to e, from the gaseous emitters (H2 and 002) is known as a function of

15,23'25 The product of the spectral

temperature from previous measurements.
absorption coefficient of carbon and carbon mass density can be obtained

from

1 - -
k, P =—{-"”‘(l-e )-k Koo U }
A,e Pe =7 M TEEL0 uH20 co, “co,

In the statistical band model, the expression for the contribution of water

becomes

-

_ _ .
knzo U0 7 Uk (L-uk/ba)™®

where the fine structure term is given by

7. % po E
=qTANT Pp g

The concentration of the water vapor °q o vas calculated. It changes from
2

~ 10% at a mixture ratio of 1.2 to ~ 30% at a mixture ratio of 2.0. The
set of absorption coefficients of water vapor was given elsewhere.

The concentration of CO, ranges from ~ 5% to 9% in the mixture ratio
range from 1.2 to 2.0. It can be shown that under the present conditions
Beer's law applies; thus, Eboz = S/d, where S/d as a function of wavelength
and temperature was given by M'alkmus.27

If the carbon particle diameter dp is comparable to A, scattering as

well as emission and absorption may affect the observed radiance (and the

22



base heat transfer). In general, the effect of scattering will be to

reduce the total energy radiated by the plume. The radiation in partic-
ular directions and the local flux in some regions may actually be enhanced,
at the expense of the radiation in other directions, for some flow field
configurations. Carbon particles were collected on small water cooled
plates passed rapidly through the exhaust jet at about L4 inches downstream
from the exit plane, where the mixing layer, in which the afterburning occurs,
is still thin. The flat brass plates were polished, and a carbon film with
an average grain size of 20 X was deposited. After the plates were passed
through the exhaust plume, the carbon film together with the plume deposits
was separ#ted from the plates and stereographic photomicrographs with shadow
casting (under an elevation angle of 25°) were made. In Figs. 10-13, we
show the samplings taken at mixture ratios aof 1.8 and 2.0. These

samplings were only successful at a mixture ratio of > 1.6 since at lower
mixture ratios the deposits were too heavy and the particles agglomerated
so0 much that no individual particles were discernible. The agglomerations
observed in the figures can be formed either dufing combustion and in the
expanding gas or during collection on the plates. In the first case, i.e.,
the small carbon particles are already agglomeratea in the exhaust gas,
light could be scattered for A > 1 u. However, we believe that the agglom-
eration takes place during the collecting process. The mean value of dp
for the collected particles, which are expected to be among the larger
particles in the flow (since only these possess enough momentum to cross
the flow streamlines about the collector), is 400 2. Particles of this size
are not expected to scatter infrared radiation appreciably; when A\ < 1 y,

the observed spectral radiance might be affected by scattering. However,

23



Figure 10. Photomicrograph of carbon film background. Magnification of

25,000.
2L




Figure 11. Phnotomicrograph of carbon sampling at an O/F ratio of 1.8.
Both pictures are made with wide obJjective aperture at 75
keV (left) and 100 keV (right) with a magnification of 5,500.

Shadow casting.
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Figure 12. Stereographic photomicrograph of carbon sampling with shadow
casting at an O/F ratio of 1.8. Magnification of 25,000, i.e.,

0.1" = 1270 &.
26




Figure 13. Stereographic photomicrograph of carbon sampling with shadow
casting at an O/F ratio of 2.0. Magnification of 20,000, i.e.,

0.1" = 1000 &.
27




scattering should contribute a negligible amount to the radiative base
heat transfer, which is only significant for A > 1 u. The results of this

study are in good agreement with previous measurements made on an engine

e9

similar to that used here.

When Pe # Pé, as was the case for the 3:1 and 1.5:1 motors, the possi-
bility of a nonuniform condition along the line of sight exists. Immediately
downstream of the exit plane, the gas undergoes a Prandtl-Meyer expansion
when Pé > Pa. For the 3:1 and 1.5:1 engines the expanded regions contribute
less than 5 and 10 percent, respectively, to the absorption along an optical
path 2 mm downstream from the exit plane. Our measurements were made within
this region, and the effects of unbalance were therefore negligible in this
experiment. A photograph of the exit flow at an exit pressure of 2 atm

(3:1 engine) is shown in Fig. 1k.
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EXPERIMENTAL RESULTS

The carbon particle absorption coefficients (kx,cyc) deduced from
our measurements are shown in Figs. 15, 16, and 17. The theoretical
calculation (matched to the experiment at A = 2.2 p) is also shown.
Measurements vwere made outside the range of data shown, but their error
limits are high. At wavelengths shorter than 1.5 w, small errors in
temperature are the principal error source (particularly at low tempera-
tures) when measurements are made in emission. Absorption measurements
are subject to large subtraction errors when absorption is low - i.e.,
when Yo is small. At wavelengths longer than k4 Wb, the continuum emission
is masked by the strong 4.3-u band of CO,, the 4.6-p band of CO, and the
6.3-p band of H20° A lower limit is placed on the temperature by the
necessity for smooth operation of the rocket and by the heating loads
which the monochromator housing can tolerate. At O/F ratios below about
1.2, the heating from the afterburning plume is severe. An upper limit
to temperature arises from the requirement that the continuum emission
be a reasonable fraction of the total at a given wavelength and above the
instrumental noise level. At O/F ratios greater than about 2.0, the
engines used produce only very small amounts of carbon.

Although the range of the data is therefore limited, some conclusions
can be drawn about the behavior of carbon from our engine in the wavelength
regime most important to the base heating problem. It appears that the

dependence of k on \ is reasonably similar in calculation and experiment

A,c
for temperatures < 1700°K. This agreement is not necessarily expected,

since it is by no means clear that the rocket soot is at all like bulk
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Figure 15. Values of kx,cpc determined from measurements on the 5.25:1
motor. Dots are experimental values measured in emission,
triangles are values measured in absorption, solid line is
theoretical calculation based on bulk carbon properties.
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carbon. The agreement between the experimental and calculated spectral
dependence is comparable to that shown for soot from laboratory flames
in Fig. U, though it has been demonstrated over a smaller spectral region.

-1

A spectral variation of k as A ~, which has sometimes been proposed

\,c
for soot in flames, is also consistent with our data at these lower tempera-
tures. Since a rocket burns a spray of liquid fuel droplets at high pres-
sure, and a laboratory flame burns gases at low pressure, one would not
necessarily have expected this agreement either. At temperatures > 1700°K
the experimental data are markedly different from the theoretical values
and appear to be almost independent of wavelength.

At short wavelengths and low temperatures, there is a discrepancy
between the results of emission and absorption measurements, with the
values of kx’c determined in absorption being lower and closer to the
calculated curve. 1In fact, at temperatures below 1200°K, the observed
emitted intensity at A < 0.8 u is greater than the blackbody intensity
at the measured temperatures. Transmission measurements made in this
temperature and wavelength region result in apparent absorptivities
considerably less than the apparent emissivities. The difference is too
large to be explained by an error in temperature measurement. Possible
explanations include (1) a nonequilibrium distribution of emitting states
in the gas, and (2) the presence of scattered radiation from some other,
hotter, part of the flow field.

An indication that scattering plays a role in the emission-from

carbon-rich exhaust jets at the shorter wavelengths was obtained from an

experiment in which a "sun gun" lamp with a tungsten filament at 3200°K

3k



was placed next to the rocket exhaust perpendicular to the monochromator
line-of-sight. An appreciable increase in signal was obtained with the
lamp over that recorded without it. However, in this crude experiment,
it was not possible to measure accurately the spectral dependence of the
scattered signal. The effects of scattering at short wavelengths may
explain the unusually high emission observed by Simmons in his vernier
experiment when A < 1 u.

A comparison of the theoretical and experimental values of radiant
intensity can be used to determine the effect of chamber pressure upon
the apparent mass fraction of carbon produced by these engines. Using
the 3:1 engine, the exit temperature and continuum emission level were
measured at Pc's between 15 and 60 atm. The results, shown in Fig. 18,

indicate that Yo is increased by increasing chamber pressure.
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DISCUSSION

The experimental and calculated spectral dependences of k agree

\,cC
at temperatures below 1700°K. The temperature dependence of kx,c in this
range can be ascertained in the following manner: If the calculation
correctly predicts the temperature dependence, values of the carbon mass
fraction Yo deduced from the measured value of k)\,cyc for the different
engines at the same operating conditions by comparison with the calculation
should be the same. If there is a significant difference between calculation
and experiment, then the values of Yo computed in this manner will differ.**
Carbon mass fractions determined from the experimental results and the calcu-
lation at 2.2 y are shown in Fig. 19 as functions of O/F ratio. The errors
in y, as a result of uncertainties in temperature and radiance measurements,
and in O/F ratio as a result of propellant metering errors, are also shown.
There appears to be no definite tendency of yc's determined from any engine
to be consistently above or below those from the others, and the error bounds
overlap to a large degree. The calculated temperature dependence of Yo is
therefore consistent with the measufed data below 1700°K. (On the other
hand, the calculated variation in kx,c at 2.2 p between 1000° and 1700°K is
only 25%, and almost as good agreement could have.been obtained by assuming

no dependence of k on temperature in this range.)

A,C

At temperatures greater than 1700°K, the lack of agreement between

calculated and observed spectral dependence of k indicates that, at least

AsC

for some wavelengths, the calculated temperature dependence must also

¥
Assuming that no change in Yo in the divergent section occurs.
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disagree with the experimental results. At 2.2 u, the values of Yo
determined as before for temperatures above 1700°K, do not agree with those
determined for lower temperatures. However, at approximately 1.0 pu, the
agreement of yc's from high and low temperature results is reasonably good.
Empirical values of kx,c have been deduced from the low-temperature

values of Yo and the high-temperature values of k cyc, in order to provide

A,
a set of absorption coefficients consistent with our data over the tempera-
ture range from 1000° to 2600°K. In Fig. 20 we show the resulting tempera-
ture dependence of kx,c at selected wavelengths; the calculated temperature
dependence is shown for comparison. The absorption coefficients are shown

as functions of wavelength at various temperatures in Fig. 21. This figure
was constructed by cross-plotting the data shown in Fig. 20; its consistency
with the experimental results is shown in Fig. 22.

The empirical absorption coefficients of carbon formed by our rocket
motors are listed in Table II. The high-temperature values depend on the
accuracy of the apparent carbon mass fraction deduced from the lower-tempera-
ture results, and the resulting unceftainty is as much as + 50% at the highest
temperatures. The values of k)\,c given in Table II are those which best fit

our experimental data; their use in base heating calculations is recommended.
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CONCLUSION

At temperatures between 1000° and 1700°K, the spectral dependence
of carbon particle cloud absorption coefficients measured in the exhaust
gases }rom small rocket engines are in reasonably good agreement with the
results of a calculation based on the properties of bulk carbon for wave-
lengths between 1.0 and 4.0 p. A spectral variation of kx,c as k-l is
also compatible with these data, and the predicted temperature dependence
is less than the error limits of the experiment.

At temperatures greater than 1700°K, the experimental and theoretical
spectral dependence diverge. The present experimental data were used to
deduce absorption coefficients between 1700° and 2600°K.

There is no large difference apparent at temperatures below 1700°K
between the optical properties in the near infrared of the carbon formed
in laboratory flames and in our small research engine. Deviations between
calculation and experiment at shorter wavelengths appear to be caused by
scattering processes peculiar to the observed flow system. Similar effects
should be expected to appear in other measurements of exhaust emission at
short wavelengths, and some caution should be employed in interpreting
them.

Careful measurements of continuum emission in large engines are

necessary before these conclusions can be generalized to include them.
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